Abstract This study examined the early stages of tarnishing of American Iron Steel Institute (AISI) 304L austenitic stainless steel (SS) condenser tubes in contact with running freshwater from the Tagus River in Spain. The immersion time of the tubes was 569 days. Tarnishing originated by biofouling was assessed using electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) analyses in conjunction with argon ion sputtering. The EIS diagrams showed a semicircle that was better defined as the experimental time increased, indicating the decreasing tarnishing resistance of the immersed specimens. The EIS results were validated using Kramers-Kronig relationships. SEM micrographs of biofouling indicated that the number of microorganisms on the SS surfaces increased with immersion time. According to the XPS spectra, the main elements deposited on the tarnished AISI 304L SS layer were calcium, phosphorus, and nitrogen.
Introduction
Nuclear power plants need large quantities of water to function and are thus located near rivers or the sea. After nuclear fission, steam generated in the nuclear vessel is conducted to a turbine, where electricity is produced. Cooling of the hot steam is accomplished via its passage through a condenser in freshwater or seawater. The condenser tubes are typically constructed from admiralty brass, nickelcopper alloy, stainless steel (SS), or titanium. Nevertheless, despite the cathodic protection of condensers and their adequate maintenance, problems such as biofouling and microbiologically influenced corrosion (MIC) are common [1] [2] [3] [4] [5] . Rapid microbial growth is favored by the conducive temperatures prevalent inside the condenser of an operating power plant. In a previous work, we analyzed the mechanisms that result in biofouling and MIC [6] using admiralty brass condenser tubes in freshwater. The implications of microfouling in condenser tubes are energy losses from increased fluid friction and heat transfer resistance. In fact, biofouling causes a 30 % decrease in the heat transfer rate. Moreover, the growth in a condenser tube of microbial films a few tens of microns thick is sufficient to induce MIC and to cause irreparable damage.
Consequently, at nuclear power plants, the condensers must be retubed with different tubes of alternative compositions to the original ones, e.g., with SS or titanium replacements. Today, titanium and SS tubing account for the vast majority of the condenser tubing market. Although titanium is considered to be more resistant to MIC than SS, its use is limited due to its higher cost, the difficulties in field welding, and its greater susceptibility to biofouling than SS.
Moreover, since MIC on titanium has been poorly studied, it cannot be ruled out that titanium condenser tubes will sooner or later be vulnerable to MIC [7] , especially since their thickness must be kept to a minimum because titanium transfers heat less well than SS.
Stainless steel is used in seemingly countless applications because of its greater resistance to corrosion in different aggressive environments; however, it is still subject to corrosion. Indeed, some types of corrosion, mainly pitting, may be initiated by an electrochemical mechanism but subsequently activated by microorganisms [8, 9] , as observed in materials studies at many power-generating plants [10] [11] [12] . Among the types of SS in which MIC has been determined are austenitic steels of the 300 series, both in normal grades, such as American Iron and Steel Institute (AISI) 303, 304, and 316, and in low-carbon grades, such as AISI 304L and 316L [9] , in which biofouling [13] and MIC [14] are less pronounced.
Biofouling and MIC are due to the presence on metal surfaces of microbial cells, cellular metabolites, extracellular polymeric substances (EPS), and, in some cases, corrosion products [15, 16] , all of which determine the rates and sometimes also the types of electrochemical reactions involved in the corrosion processes. Cathodically protected condensers are considered relatively resistant to MIC [17, 18] , but regular maintenance of their tubes is still extremely important to prevent, or at least delay, biofouling and MIC. During maintenance procedures at nuclear power plants, the condenser tubes are mechanically cleaned. In-service mechanical cleaning consists of the recirculation of sponge balls through the condenser tubes by placing them in the cooling water immediately upstream of the condenser shell inlet. After flowing through the tubes, they are captured by special filters inserted downstream from the condenser shell outlet [19, 20] . In nuclear power plants shut down for refueling, the tubes undergo non-destructive testing using methods such as those based on eddy currents [21] .
In the traditional approach to estimating fouling in condenser tubes, the amount of heat exchange is calculated by considering the condenser back-pressure values, the cooling water flow rate, the temperature, and other parameters of the nuclear plant. In some cases, albeit rarely, fouling is measured using separate instrumentation installed either in a by-pass circuit or inside the condensers. In either case, the estimation of biofilm growth in the condenser tubes is not simple, mainly because of the high number of variables that affect thermal exchange. Therefore, not surprisingly, many attempts have been made to use electrochemical techniques to study MIC and its mechanisms. In their technical review, Mansfeld and Little [22] cited several published reports in which MIC was studied with electrochemical impedance spectroscopy (EIS). Buchanan et al. [23] used EIS to compare the behavior of SS immersed in different types of water. Most of these reports derived from laboratory investigations, but Dowling et al. [24] suggested the use of EIS as an on-line, non-destructive technique.
The aim of our work was to use EIS to monitor on-line biofouling and possible MIC generated on AISI 304L SS condenser tubes immersed in running freshwater from the Tagus River in Spain. EIS measurements were taken at time points of up to 569 days and validated using Kramers-Kronig (KK) relationships. Biofouling was visualized by scanning electron microscopy (SEM). Metallic surface modifications were analyzed, once tarnishing had occurred, by applying the X-ray photoelectron spectroscopy (XPS) technique in conjunction with argon ion sputtering.
Experimental

Stainless steel preparation
The tested material came from new condenser tubes (25.4 mm diameter and 0.8 mm wall thickness) of AISI 304L austenitic SS (Table 1) . Mn, Si, P, Cr, Ni, Mo, and Fe were determined by atomic emission spectrometry (Thermo Scientific ARL 3460); C and S were determined by high-temperature combustion (Leco CS-125); and N was determined by gas inert fusion (Leco TC-136). Split tube specimens for immersion testing (120 mm long) were used for visual inspection and XPS analysis. Specimens 35 mm long were used for SEM analysis. All specimens were degreased in acetone, ultrasonically cleaned in a water bath for 5 min, and then autoclaved at 121°C for 20 min.
Biofouling test site
The specimens were hung from an original biofouling and corrosion test rack installed in running water at Valdecañas hydroelectric power station, located on the Tagus River in the province of Cáceres, Spain. This site is close to the Almaraz nuclear power plant, which operates with a continuous flow of freshwater drawn directly from a reservoir on the river. The water flow rate was adjusted to about 3 cm s Table 2) . Immersion tests were performed for 569 days, during which Detection of sulfate-reducing bacteria Among the members of the microbial community causing MIC, sulfate-reducing bacteria (SRB) are of the greatest concern as they account for 50 % of all instances of MICrelated condenser failures [26] . Hydrogen sulfide (H 2 S) produced by SRB is able to corrode most of the metals encountered in cooling water systems [27] or in stainless alloy heat exchanger tubes in freshwater [28] . Enrichment cultures for the detection of SRB were prepared and incubated in Postgate's C medium [29] at pH 7 and 30°C. Cultures were considered positive based on the formation of black precipitates and on the obvious hydrogen sulfide smell. To confirm SRB activity and that both H 2 S formation and the resulting sulfide precipitates reflected the presence of these anaerobic bacteria and not a chemical reaction, the same inocula were prepared again in Postgate's C medium but with 0.01 M sodium molybdate, as a sulfate analog that interferes with the first sulfate-dependent enzymatic step and especially with the enzyme sulfurylase [30] .
XPS analysis
To better understand the elemental composition of the passive film on SS surfaces after immersion in the Tagus River and to verify the subtle changes in surface chemistry induced by microbial colonization, a detailed XPS study was carried out on AISI 304L SS specimens after 569 days of immersion. After removing the biofouling from the AISI 304L SS split condenser tubes, their surfaces were analyzed by XPS, using specimens with a surface area of 1.0 cm 2 . XPS analysis was performed using a VG Microtech model MT 500 spectrophotometer with an Mg Kα 1.2 anode X-ray source (hν=1,253.6 eV), binding energy (BE), a primary beam energy of 15 kV, and an electron current of 20 mA. The pressure in the analysis chamber was maintained at 1× 10 −9 Torr (1 Torr=133.322 Pa) throughout the measurements.
The regions of interest were O 1s, C 1s, Fe 2p 3/2 , Cr 2p, P 2p, Ca 2p, and N 2p. The instrumentation was periodically calibrated using Ag 3d 5/2 (368.0 eV BE) and Au 4f 7/2 (84.0 eV BE) substrates. The spectra were integrated for 20 scans and analyzed by a least squares fit in order to obtain more detailed information about the chemical states. The peaks were fitted using a Gaussian-Lorentzian mixed function, after a Shirley background subtraction. Argon ion sputtering was used to clean the outermost layer of surface contamination of the specimens, which improved the signal. Thus, the AISI 304L SS tube specimens were subjected to 1 min of argon ion sputtering with a primary beam energy of 5 kV and an ion intensity of 10 mA. The short sputtering time avoided chemical changes induced by argon ion bombardment. The sputtering rate under these conditions, obtained by ion etching of a tantalum specimen covered by a Ta 2 O 5 layer of known thickness, was 1.5 nm min −1 .
Results and discussion
EIS studies
EIS is a non-invasive, mainly laboratory method to examine the impact of a biofilm on a metal surface without disturbing either one. Figure 1 shows seven typical Nyquist plots at the OCP for AISI 304L SS specimens immersed in freshwater for up to 569 days.
The interpretation of EIS data depends largely on the electrical equivalent circuit (EEC) used to model the AISI 304L SS/freshwater system. The EEC is difficult to formulate for a complex system such as biofilm-covered AISI 304L SS. The EEC used in this study consisted of the electrolyte resistance (R S ) in series with a parallel R P CPE network (Fig. 2) . R P was the polarization resistance, obtained from the low-frequency impedance value; as an approximation, it is inversely proportional to continuous tarnishing processes. As is shown in Table 3 , R P parameter decreases with the experimental immersion time, indicating a decrease in tarnishing resistance for AISI 304L SS. The physical meaning of the constant phase element (CPE) is associated with a nonideal capacitive behavior involving the SS/biofilm/freshwater system. The electrical impedance for a CPE is written as
, where ω is the angular frequency (radians per second) equal to 2πf, f is the applied frequency (Hertz), 2π is the habitual conversion constant, and Y P and α are the parameter of the CPE . When α =1, the CPE is a pure capacitor with a capacitance of Y P . As the immersion time increases, the α value is slightly smaller (Table 3) , probably reflecting a more heterogeneous biofilm.
A complex non-linear least squares analysis was performed to fit the R S , CPE, and R P parameters to the impedance data [31] . As seen in Fig. 1 , there was excellent agreement between the experimental and simulated results, indicating that the EEC used to model the AISI 304L SS/freshwater system was adequate.
The Nyquist plots of Fig. 1 indicate a capacitive behavior and thus the high tarnishing resistance of the AISI 304L SS specimens, based on the large-diameter semicircle obtained in this analysis. As seen in the Nyquist plot, the semicircle becomes better defined as the experimental time increases, in particular for specimens immersed for 322 and 569 days, indicating the decreasing tarnishing resistance of the AISI 304L SS specimens. Nevertheless, the corrosion behavior of a SS/biofilm system is typical of SS in the passive state, in which R P values of the order of ∼10 6 Ω cm 2 have been reported [32, 33] .
Visual inspection of the EIS data did not indicate whether they were valid or had been distorted by an experimental artifact. Thus, the validity of the data was assessed by applying KK relationships to the EIS data obtained using the monitoring procedure described above. The plot in Fig. 3 a compares the results of the real-to-imaginary transform with the imaginary component of the experimental impedance, using the data for day 569 of immersion as shown in Fig. 1 . Conversely, the plot in Fig. 3 b compares the results of the imaginary-to-real transform with the real component of the experimental impedance. The algorithm used has been described elsewhere [34] . Figure 3 confirms the close relationship between the experimental and calculated impedance data for both real and imaginary components and that the system under investigation complies with the linearity, causality, and stability constraints of linear system theory. Thus, the EIS data are validated [31, 34] . Consequently, the impedance results shown in Fig. 1 for specimens immersed for 569 days satisfy the KK relationships, meaning that the monitoring arrangement used to obtain the EIS data did not introduce any errors into the impedance acquisition procedure. Accordingly, the data generated in this work are valid for the AISI 304L SS/freshwater system.
Biofouling studies
Specimens withdrawn for visual inspection showed important biofouling, but neither tubercles nor corrosion products were evident. However, Huttunen-Saarivirta et al. [35] observed localized corrosion under tubercles in an AISI 304L SS heat exchanger after 36 months of service. Ling et al. [36] also found tubercles on AISI 304L SS immersed for only 85 days at 40°C in water taken from a water cooling circuit in a chemical plant and inoculated with bacterial sludge. Figure 4 shows an optical photograph of iridescent tarnished areas formed on AISI 304L SS specimens after 569 days of immersion in freshwater. No pits were detected on these tarnished areas, which may be attributed to the first steps of incipient metastable pits, breakdown, and repassivation of the passive layer generated on the AISI 304L SS.
The SEM micrographs of Figs. 5, 6, 7, and 8 show the development of biofouling on the AISI 304L SS specimens immersed for different times in running freshwater of the Tagus River (Spain). Beginning immediately with their immersion, the SS specimens were colonized by different types of microorganisms. A gradual increase in biofilm thickness was observed after immersion. At 48 h, bacteria like coccoid and bacilli were observed under SEM. After several days of immersion, filamentous bacteria appeared, followed by microalgae, protozoa, and microscopic crustaceans. The microbial composition of biofouling varies with the season. Thus, colonization by microalgae of the genus Staurastrum was observed on the SS specimens during the summer, followed by colonization by protozoa of the genus Vorticella in the fall and by centric diatoms of the genus Stephanodiscus in winter, together with the remains of microscopic crustaceans, e.g., copepods (Figs. 5, 6 , 7, and 8, respectively). George et al. [37] described the seasonal variations in the water quality of a freshwater and its influence on the biofouling rates of SS, brass, titanium, and admiralty brass.
The largest population within the biofilm was that of diatoms. The local production of oxygen by these photosynthetic algae within the biofilm could create high local O 2 concentrations and thus higher O 2 reduction cathodic currents, thereby causing an increase in the OCP. In the literature, algae were shown to induce ennoblement in natural seawater [38, 39] . Algae are often the most abundant population within freshwater biofilms. Marconnet et al. [40] found that throughout the immersion of austenitic SS, the evolution of cathodic processes did not vary with the metal's chemical composition, with identical results obtained for types AISI 304L and 316L.
Biofilms retrieved from some of the specimens were incubated in Postgate's C medium and then examined for the presence of SRB. We isolated SRB within the biofilm. Based on their ability to amplify the cathodic reaction, SRB are the most important bacteria causing the corrosion of metals and alloys. Specifically, under anoxic conditions, SRB reduce sulfate to hydrogen sulfide (H 2 S), which precipitates with ferrous ions to form iron sulfides (FeS x ). These insoluble biogenic products act as a cathode in a galvanic couple with SS, thus enhancing corrosion [29] .
In a biofilm, anoxic conditions are necessary for the development of SRB. Hamilton [41] reported that a biofilm of 10-25 μm is thick enough to provide anoxic conditions. In another study, even a thickness of 17 μm was sufficient to support obligate anaerobic growth in a biofilm that developed on an admiralty brass condenser tube (10 4 colony forming units SRB mL −1 of biofilm) [2] . SRB in freshwater can survive in anoxic micro-niches such as those provided by biofilms or their tubercles until conditions favor their prolific growth. Thus, MIC by the SRB harbored within a biofilm is a particularly serious problem in cooling systems. For example, in the freshwater under study, sulfate and nitrate, either of which can be utilized as a substrate by SRB [29] , were detected. Nonetheless, despite the presence of conditions supporting the growth of SRB, we were unable to find any evidence of corrosion on the examined SS specimens, perhaps because of the absence of tubercles and insufficient anoxic conditions.
XPS studies
The surfaces of AISI 304L SS long split condenser tubes immersed for 569 days in the running freshwater of the Tagus River were cleaned using high-pressure sterilized water to remove biofouling. Subsequent visual examination of these specimens showed small (∼2-6 cm 2 ) iridescent, randomly distributed tarnished areas (Fig. 4) . These areas were studied with XPS, a well-established method for examining the surfaces of inert biological materials as well as those of living cells [42] [43] [44] . Untarnished areas of the same specimens served as the control. Figure 9 shows O 1s XPS spectra for AISI 304L SS specimens. Three peaks were defined: the first, at 529.9-530.0 eV BE, can be attributed to chromium and/or iron oxides from the passive layer of the AISI 304L SS specimen. The second peak, at 531.4 eV BE, represents the contributions of chromium hydroxides present in the passive layer and phosphates and/or carbonates deposited on the specimen. Finally, the third peak, located at 533.0 eV BE, can be attributed to adsorbed water. On the Fe 2p 3/2 spectra of tarnished areas, Fig. 10 , there is a major peak corresponding to iron(II) at ∼709.2 eV BE and an important contribution of iron(III) at ∼711.0 eV BE with a satellite at ∼714.3 eV BE. By contrast, only a small amount of metallic iron (peak at 706.9 eV BE) and a smaller amount of iron(III) were present on the untarnished areas. On the Cr 2p spectrum, Fig. 11 , the peaks from the untarnished areas corresponded to chromium oxides (peak at 576.2 eV BE) and chromium hydroxides (peak at 577.4 eV BE). Signals indicative of either metallic chromium (at 574.1 eV BE) or hexavalent compounds (at 580.1 eV BE) were not detected. However, the amount of chromium in the tarnished areas was very low, suggestive of damage to the passive layer. XPS spectra for P 2p on the AISI 304L SS specimens, Fig. 12 , show an unresolved 2p doublet, with a maximum located at ∼133.6 eV BE, that was much more intense for the tarnished than the untarnished areas and may have been due to phosphates. XPS spectra for Ca 2p on the tarnished areas, Fig. 13 , showed a peak at ∼347.2 eV BE, indicative of CaO, calcite (CaCO 3 ), or even calcium phosphates. Finally, XPS spectra for N 2p on the tarnished areas, Fig. 14 , showed a peak at ∼399.5 eV BE, which may be attributed to ammonia (NH 4 + ). Table 4 summarizes the BE peaks seen in the high-resolution XPS spectra obtained from these specimens. The atomic percentages of the different elements from the AISI 304L SS specimens are provided in Fig. 15 . The atomic percentage of each element (c i ) was obtained using the following expression:
, where A i is the peak area and S i is the sensitivity factor of the element i [45] .
The XPS data complemented the information obtained using EIS and SEM. Calcium, phosphorus, and nitrogen were (Fig. 15) . The atomic percentage of carbon on both the tarnished and the untarnished areas was high, suggesting that the film present on the AISI 304L SS condenser tubes was composed of 80-95 % organic material.
After 1 min of argon ion sputtering, the Cr/Fe ratio on the tarnished and untarnished areas was 0.08 and 1.14, respectively. A high Cr/Fe ratio indicates high tarnishing resistance [46] . The large amount of iron on the tarnished areas may have derived from an external source, especially iron-oxidizing bacteria (IOB). Figure 15 also shows a decrease in the oxide layer, indicating less oxygen on the tarnished areas.
Since the chemical composition of the water did not include NH 4 + (Table 2) , its XPS detection (as N) on the surface of AISI 304L SS specimens can be attributed to biological activity. Although SRB are also able to reduce nitrate to ammonia [29] , the major source of ammonia on the tarnished areas was likely the activity of nitrate-reducing bacteria (NRB), given the absence of a sulfur signal in the XPS spectra of these specimens. In an earlier study, the ammonia produced by in situ denitrification in a biofilm was sufficient to induce stress corrosion cracking in admiralty brass condenser tubes [2] .
Mechanism of biofouling and MIC behavior of AISI 304L stainless steel condenser tubes in freshwater Austenitic SS show excellent corrosion resistance in many environments due to the formation of a thin, protective oxide film on their surfaces [47] . However, when this passive film is damaged, corrosion may concentrate on these vulnerable areas, manifesting itself as localized corrosion. Since SS lacks antimicrobial properties under any conditions, biofilm formation on surfaces immersed in natural freshwater or seawater may cause severe MIC if the pitting potential of the alloy is exceeded.
The OCP, or free corrosion potential (E corr ), provides the earliest measurement of the influence of biofilms on the electrochemical behavior of SS. The final OCP for SS in freshwater may be as high as +200 to +300 mV vs. saturated calomel electrode (SCE) and in seawater +300 to +400 mV vs. SCE [48] . In the initial stages of biofilm development, Fig . 15 Atomic percentages obtained by XPS on AISI 304L SS specimens after 569 days of immersion in freshwater, a as-received and b after 1 min argon-ion sputtering ennoblement suggests the protective nature of the biofilm by virtue of its physical presence. However, as the biofilm matures, the metabolic activities of its microbial inhabitants may lead to corrosion. The time needed to reach the maximum OCP depends on the type of SS, the quality of the water (treated or untreated), and the temperature of the system. In the case of untreated or insufficiently treated water, or in the absence of an adequate maintenance system, an increase in OCP can be measured after only a few days. Microbial attachment proceeds more slowly on ordinary AISI 304 SS than on low carbon grade AISI 304L. The AISI 316L, due to its Mo content, is less vulnerable than AISI 304L but not entirely resistant to biofilm formation and consequently to localized corrosion in the form of MIC [49] . In this study, we examined biofilm formation on AISI 304L SS condenser tubes immersed in untreated freshwater and neither cleaned nor otherwise maintained. Under these conditions, biofilms formed on the tubes immediately following their immersion. Water temperature was the only factor limiting microbial growth. Depending on the season, the cooling water inlet temperature varied between 9 and 21°C.
The types of microorganisms that predominate at each stage of biofilm development on the SS surfaces depend on the quality of the water and on the season during which the tubes were (or continued to be) immersed. The first microorganisms to colonize the AISI 304 SS surface are bacteria, followed by microalgae, protozoa, and, finally, crustaceans. The metabolism of the microorganisms progressively enclosed within a biofilm induces corresponding changes in the local physicochemistry at the material/biofilm interface, which in turn influences the corrosion process.
In other studies, the bacterial members of biofilms that formed on SS consisted of IOB and manganese-oxidizing bacteria (MOB) [9] . As early as 1976, Kobrin [50] observed that bacterial oxidation of iron and manganese to ferric and manganic ions resulted in the generation of ferric and manganic chlorides, which are well-known to cause the severe pitting of austenitic SS. In a much later paper, the presence of IOB could be directly related to the fouling of a carbon steel heat exchanger [51] . Ling et al. [36] concluded that in the corrosion of AISI 304L SS immersed in water inoculated with bacterial sludge taken from a water cooling circuit (40°C) in a chemical plant, MOB play a major role.
Manganese-oxidizing microorganisms, particularly MOB, use bulk Mn 2+ to deposit manganese oxide (MnO 2 ) on the SS surface; in this process, MnOOH is formed as a reaction intermediate. MnO 2 , as an oxidizing agent, is electrically linked to the metal and is reduced at the cathode [52, 53] . In the study of Marconnet et al. [40] , Mn was detected by energy dispersive X-ray spectroscopy on SS surfaces that had been immersed for 9 months in freshwater. This manganese was not a component of the metal itself but derived from the biofilm. The biodeposition of MnO 2 on SS immersed in natural water is generally associated to freshwater. In contrast, in biofilms that develop on SS immersed in seawater, bacterial production of hydrogen peroxide (H 2 O 2 ) via reactions catalyzed by oxidase-type enzymes is well recognized. However, Marconnet et al. [40] showed that H 2 O 2 is also present in biofilms that form on the surface of SS immersed in freshwater. Hydrogen peroxide is a powerful oxidizer that increases the cathodic current through its reducing actions on the SS surface.
In our study, we have found tarnished areas where nitrogen is present. The production of ammonia by NRB causes the corrosion of admiralty brass condenser tubes in a nuclear power plant cooled by freshwater [4] . However, the behavior of AISI 304L SS condenser tubes when faced with ammonia is much better than that of admiralty brass condenser tubes. At this stage, the R P of SS can fall down to 10 5 Ω cm 2 [33] . The appearance of microalgae in biofilms, including those that develop on SS surfaces, coincides with the normal seasonal increases in the abundance of these organisms in the surrounding water, as observed by Rao and Nair [4] . In our study, microalgae were also shown to contribute to the biofilms on the SS surfaces. George et al. [54] found evidence of MIC on AISI 304 SS specimens immersed in freshwater for 4 months, which the authors attribute to the algal members of the biofilms. Natural biofilms consisted of both algaldominated regions which cause ennoblement the material by increasing the oxygen concentration and bacterial-dominated regions that form active surfaces by decreasing the oxygen concentration and pH because of their metabolic activities.
Algae feed on bacteria and thus may interfere in the formation of typical bacterial biofilms, including tubercle formation. In condensers cooled by treated freshwater, microalgae and protozoa are rarely found. However, in the absence of such treatments, microbial species such as diatoms interact with carbonates, silica, and other chemicals present in freshwater to cause tarnishing, as demonstrated on our AISI 304L SS specimens. Tarnishing is associated with local points of restricted oxygen, which in AISI 304L SS may function as anodic areas to originate pitting corrosion by a local breaking mechanism.
Tarnished areas may also be sites of tubercle formation in later-stage biofilms. Tubercles mainly comprise bacteria and EPS but also residual organic or even inorganic material. Corrosion attack, evidenced by the detection of tubercles containing corrosion products, was observed in an AISI 304L SS heat exchanger after only 36 months of service [35] . Passivating metals, such as SS, are particularly susceptible to the oxygen concentration cells, since oxygen is required to maintain passivity. Therefore, the formation of oxygen concentration cells in the areas of tubercles is thought to be essential to the initiation of corrosion attack.
In addition, since there is little aeration in the interior of these tubercles, the growth of SRB, and thus the development of MIC, is favored, particularly in admiralty brass condensers and heat exchangers. Also, some tubes of AISI 304 SS showed many deep pits in a condenser in freshwater [55] ; the presence of sulfur in the pits strongly suggested the involvement of SRB in their creation, although IOB and algae were also detected [55] . The insoluble biogenic products originated by the SRB metabolism act as a cathode in a galvanic couple with SS, thus enhancing corrosion. Moreover, Brennenstuhl et al. [56] suggested that H 2 S is subsequently oxidized to thiosulfate (S 2 O 3 2− ), which activates pitting in nickel alloys and in AISI 304L SS heat exchanger tubes. Under these conditions, the R P of SS may be as low as 10 4 Ω cm 2 [33] . In the present study, R P values were 39.8 MΩ cm 2 for 64 days and 1.1 MΩ cm 2 for 569 days experimentation (Table 3 ). It may be assumed, as an approximation, that parameter R P is inversely proportional to the corrosion current density (i corr ). According to SternGeary equation: i corr =B /R P , where B =β a β c /2.3(β a +β c ), β a and β c are the anodic and cathodic Tafel slopes, respectively, generated by the potentiodynamic polarization curves. A B constant value of 0.053 V was adopted for the passive AISI 304L SS [57] , and the resulting i corr value was in the range from 1.2 to 43 nA cm −2 , which means a negligible corrosion rate from a practical point of view. Nevertheless, these results indicate some initiation of the corrosion process, i corr passes from 1.2 to 44 nA cm −2 . Finally, the chloride present in freshwater (until ∼180 ppm) can trigger sulfur reactions by SRB. Liao et al. [58] found high chloride levels in biofilms that developed on AISI 304 SS immersed for nearly 2 years in fresh dam water. The chlorides were shown to produce localized corrosion. Under these conditions, the R P of SS will be around 10 2 Ω cm 2 [33] . Under the conditions of the present study, for a passive state, the R P values were 39.8 and 1.1 MΩ cm 2 for 64 and 569 days, respectively.
Conclusions
Iridescent tarnish areas were visually observed on AISI 304L SS condenser tubes after 569 days of immersion in freshwater. However, on day 322 of immersion, the EIS results were consistent with the initiation of a tarnishing process on these SS surfaces. Nyquist plots for AISI 304L SS specimens in contact with freshwater yielded a semicircle that was better defined as the experimental time increased, indicative of a capacitive behavior and the decreasing tarnishing resistance of AISI 304L SS. EIS results satisfied KK relationships, thereby validating the use of an electrical equivalent circuit to model the AISI 304L SS/freshwater system. Finally, our XPS data provided evidence for the presence of calcium, phosphorus, and nitrogen and complemented the information supplied by SEM and EIS, as these elements were detected in larger amounts on the tarnished than on the untarnished areas. A mechanism of biofouling and MIC behavior of AISI 304L SS condenser tubes in freshwater is proposed.
